: Force-field MD simulations of wild-type BtuCD-F. Four independent MD simulations of 400 ns were carried out. Left: Occupancy of one-water bridge conformation. Right: Occupancy of two-water bridge conformation. The existence of a one-water bridge was analyzed based on the following combination of criteria: a one-water bridge was counted if 1) the distance between a water oxygen atom to P γ was <4.5 Å, and 2) the distance of the same water oxygen was <2.3 Å to any oxygen atom of the E159 carboxylate group, and 3) the water molecule that is in contact with the γ-phosphate has an attack angle between 155 and 185 degrees. The existence of a two-water bridge was analyzed based on the following combination of criteria: a two-water bridge was counted if 1) the distance between a water hydrogen atom and any non-bridging oxygen atom of γ-phosphate was <2.3 Å, and 2) the hydrogen atom of another water molecule was <2.3 Å to any oxygen atom of the D159 carboxylate group, and 3) the two water molecules form a hydrogen bond (OH-O distance <2.3 Å), and 4) the water molecule that is hydrogen bonded to the γ-phosphate has an attack angle between 155 and 185 degrees. Note that the one-and two-water bridge conformations are not mutually exclusive based on these criteria. The two ATP binding sites (in NBD1 and in NBD2) were analyzed separately. An occupancy of 1 (2) means that the respective water bridge is present in 1 (2) of the two NBDs. Table S1 : Existence of a single water molecule in a bridging position between E159 and ATP in four independent simulations. The two nucleotide binding sites (NBD1 and NBD2) were analyzed separately. The probability for a one-water bridge (averaged over all 4 simulations and both nucleotide binding sites) is 15%. 4 that is hydrogen-bonded to H191. A-C) Reactant (A), transition (B), and product (C) states. D) PMF along the distance between the E159 proton, H ǫ , and O 3γ as reaction coordinate. The free energy barrier is high (9.4 kcal/mol), because the proton needs to be transferred over a large distance of 2.4 Å (the distance between the O ǫ -atom of E159 and the O 3γ -atom is 4.2 Å). The hydrogen bond network of H 2 PO − 4 with the surrounding protein residues H191 and K39 is disturbed, inducing strain in the transition state and product configuration. E) Strain of the E159 side-chain illustrated by the C β -C γ -C δ angle, which is dislocated from its equilibrium value in the initial minimum (red line) by ca. 8
• in both the transition state (black line) and product state (cyan line). Figure S6 : First step of ATP hydrolysis with two water molecules. A-C) Snapshots from QM/MM MD simulations of the reactant state (A), transition state (B), and product state (C). D) Two-dimensional PMF. The free energy offset (lower right corner) was obtained from a one-dimensional PMF along the O W -P γ distance (with the O W 1 -H W 11 distance constrained at 1.0 Å), which shows a free energy increase of 10.6 kcal/mol upon reducing the O W -P γ distance from its equilibrium value to 2.2 Å. Since PT can not occur via a low barrier at larger distances, we restricted the two-dimensional PMF calculations to the region shown. E) Distance between the O ǫ -atom of E159 and the proton of the assisting water molecule WAT2, H W 22 , during simulations of the reactant state (red curve), TS (black curve), and product state (cyan curve).
Figure S7: Force-field MD simulations of the E159D mutant. Two independent MD simulations of ca. 170 ns were analyzed for the existence of a two-water bridge conformation, using the same criteria as described above. The two ATP binding sites (in NBD1 and in NBD2) were analyzed separately. An occupancy of 1 (2) means that a two-water bridge is present in 1 (2) of the two NBDs. Table S4 : Activation and reaction energies (in kcal/mol) for dimethylphosphate hydrolysis as calculated by various methods. The values before/after the slash correspond to calculations in vacuum/in aqueous solution (described by the PCM implicit solvation model), respectively. Single point energy calculations were carried out for geometries optimized at the B3LYP/6-311++G(2d,2p) level. The energies in this Table can be compared to those in Tables 6 and 7 
